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Between 2005 and 2013, natural gas production in the U.S. 
incra:sed by 35% largaly due to unconventional gas production 
in shale and tight gas formations. 1 Between 2013 and 2040 
natural gas production is 6<p€Cted to incra:re another 45% with 
production from tight gas formations in particular increcsing 
from 4.4 to 7.0 trillion cubic feet (59%) primarily in the Gulf 
Coast and Dakota5/Rocky Mountain rEgions. 1 Tight gas 
formations already a:rount for 26% of total natural gas 
production in the United StatES today? 

In the U.S. Code of Federal REgulations (CFR), there are 
two federal rEgulations for protecting groundwater rESOurres 
for prES8rlt and future use relevant to oil and gas extraction -
"Underground Source of Drinking Water" (USDW) and 
"US3ble water." A USDW is defined in 40 CFR 144.3 in 
rEquirerrents for the Underground Injection Control program 
promulgated under Part C of the 83fe Drinking Water Act 
(SDWA) as "an aquifer or its portion: (a)(1) Which suppliES 
any public water system; or (2) Which contains a sufficient 
quantity of ground water to supply a public water system; and 
(i) Currently suppliES drinking water for human consumption; 
or (ii) Contains fe.Ner than 10000 mg/L total dissolved solids; 
and (b) Which is not an exempted aquifer." With the exreption 
of use of die:el fuels, the Energy Policy Act of 2005 ("EPAct") 
exempted hydraulic fracturing from the SDWA, thereby 
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allowing injection of stimulation fluids into USDVVs. Ho\t\f8Ver, 
under S:Ction 1431 of the SDWA, the Administrator of EPA 
may take action if impact to a USDW "may prES8rlt an 
imminent and sul:stantial endangarm=mt to the hEEith of 
persons." 

The term "US3ble water'' appliES to lands containing federal 
or tril:al mineral rights rEgulated by the Bureau of Land 
Managerrent (BLM). This term is applicable to the Pavillion 
Field ta;ause tril:al mineral rights are a59JCiated with more 
than half of production wells there. In the BLM Onshore Oil 
and Ga5 Order No. 2, us3ble water is defined as water 
containing :::;10000 mg/L total dissolved solids (TDS) - a 
definition maintained in the March 2015 BLM rule on 
hydraulic fracturing (43 CFR 3160). In 43 CFR 3160, BLM 
retained a thrEShold for groundwater protection at 10 000 
mg/L stating, "Given the increcsing scarcity and technological 
improverrents in water trEEtrrent, it is not unreasonable to 
ESSUI'TB aquifers with TDS le.tels above 5000 ppm are us3ble 
now or will be us3ble in the future." Ho\t\f8Ver, on Saptember 
30, 2015, the U.S. District Court for Wyoming granted a 
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preliminary injunction filed by the StatES of Wyoming and 
Colorado to stop implerrentation of the BLM rule l::m3cl on the 
as.c:ertion that the EPAct procludES BLM rulemaking_3 

In 2004, EPA4 documented the widESprm::l use of hydraulic 
fra:;turing in USDWs colocated in formations used for coal bed 
rrethane (CBM) rocovery. EPA4 ocknowledged likely ground­
water contamination cs a rESUlt of this octivity but stated that 
the attenuation foctors of dilution, adsorption, and biode­
gradation would reduce contaminant conrentrations to safe 
le.tels prior to rm::hing domEStic wells that are generally 
shallower than production wells. Thus, EPA4 distinguished 
impoct to USDVVs from impoct to domEStic wells. In 2014, 
while defining the chemical abstroct numbers of fluids 
dESignated cs diESel fuels, EPA revised its position and stated 
that injecting stimulation fluids diroctly into USDVVs "pre;ents 
an imrrediate risk to public hEalth because it can directly 
degrade groundwater, ESpecially if the injected fluids do not 
benefit from any natural attenuation from contoct with soil, cs 
they might during movement through an a::juifer or 33parating 
stratum."5 

The Pavillion Field ) is located Effit of the Town of 
Pavillion in Fremont County, WY, in the WESt-rentral portion 

Figure 1. Central portion of the Pavillion Field iiiLStrating locations of 
domestic water wells, production wells, plugged and al:mdoned 
(P&A) wells, and EPA monitoring wells (lareled). The entire Field, 
with labels for production and domestic wells and approximate 
locations of unlined pits, is iiiLStrated in The geographic 
arES in which the Field is located is iiiLStrated in Sl A 1. 
---~~~ ~-~~ -~---~--~~---~~~-~~~-~~--~-

of the Wind River Bcsin (WRB) (Figure ). The field 
consists of 181 production wells including plugged and 
abandoned wells. Conventional and unconventional (tight 
gas) hydrocarbon production in the Pavillion Field is primarily 
natural gas from sandstone units in the Paleooone Fort Union 
and overlying Early Eorene Wind River Formations. Howe.ter, 
oil hcs also bEen produced from production wells in thESe 
formations, primarily in the wEStern portion of the field clcm to 
the suspected location of a fault &:ctions A.1 and A2). 

In rESponse to complaints regarding foul teste and odor in 
water from domEStic wells within the Pavillion Field, EPA 
initiated a groundwater inVEStigation in Septeml:er 2008 under 
the Comprehensive Environrrental RESponse and Liability Act 
(CERCLA). This inVEStigation remains the only one in which 
CERCLA hcs bEen invoked to inVEStigate potential ground­
water contamination due to hydraulic fra:;turing. 7 Under 
CERCLA impoct to both groundwater rESOurCES and domEStic 
wells is e.raluated, in contrcst to limiting e.raluation to impoct to 

B 

domEStic wells cs is common in oil- and gas-field-l::m3cl 
inVEStigations. 

EPA conducted two domEStic well sampling events in March 
2009 (Phase I )6 and J3nuary 2010 (Pil<:m II ).8 Between J.me 
and September 2010, EPA installed two monitoring wells, 
MW01 and MVV02, using mud rotary drilling with scrrened 
intervals at 233-239 m and 296-302 m below ground surfa:E 
(bgs), rESpectively. ThESe monitoring wells were installed to 
e.raluate potential upward solute transport of compounds 
E69JCiated with well stimulation to maximum depths of current 
groundwater use (~322 m).9 EPA sampled MW01 and MVV02 
during the Phase Ill (October 2010) and Pllc:miV (April2011) 
sampling events. 

In Deceml:er2011, EPA9 rela:m::ladraft report summarizing 
rESUlts of the Phase I-IV sampling events. EPA documented 
groundwater contamination in surficial Quaternary uncon­
solidated alluvium attributable to numerous unlined pits used 
for disposal of die;el-oil-l::m3cl (invert) drilling mud and 
production fluids including flowback, condensate, and 
produced water prior to the mid-1990s. EPA9 also documented 
injection of stimulation fluids into USDVVs and concluded that 
inorganic and organic geochemical anomaliES at MVV01 and 
MW02 appeared to l:e attributable to production well 
stimulation. EPA ra:::eived numerous comrrents both challeng­
ing and supporting its findings in the draft EPA report.10

-
37 We 

reviewed and considered thESe comrrents when preparing this 
manuscript. 

A substantial amount of data hcs bEen collected sinre 
publication of the 2011 draft EPA report, adding to an already 
extensive data set. In April 2012 (Phase V) the EPA38

•
39 split 

samplES with the U.S. Geological Survey at MW01 40
·
41 and 

MW02.42 In 2014, the Wyoming Oil and Gcs Conservation 
Commiffiion (WOGCC) rela:m::l a report on production well 
integritl3 and in 2015 rela:m::l a report on surfa:E pits.44 In 
Da:::ember 2015, the Wyoming Departrrent of Environmental 
Quality (WDEQ) rela:m::l a report on sample rESUlts of a 
sul:ret of domEStic wells previously sampled by EPA.45 

We conducted a comprehensive analysis of all publicly 
available on I i ne data and reports, to e.raluate impoct to USDVVs 
and usable water cs a rESUlt of ocid stimulation and hydraulic 
fra:;turing. Although injection of stimulation fluids into USDVVs 
in the Pavillion Field wcs previously documented by EPA 9 the 
potential impoct to USDVVs at depths of stimulation wcs not 
~- We e.raluate potential upward migration of con­
taminants to depths of current groundwater use using data from 
MW01 and MVV02. We also e.raluate potential impoct to 
domEStic wells cs a rESUlt of legacy disposal of production and 
drilling fluids in unlined pits. 

1111111111111111 

SourCES of EPA reports, versions of the Quality Assuranre 
Project Plan (QAPP), and Audits of Data Quality (ADOs) are 
provided in Table Sl SourCES of analytical data and 
E69JCiated information on quality a:BJranre and control are 
summarized in ADOs were conducted by EPA for 
Phase I-IV invEStigations to verify the quality of analytical data 
and consistency with requirements specified in the QAPP. 

In rESponse to a comprehensive information requESt by EPA 
regarding oil and gas production and disposal activitiES in the 
Pavillion Field, the field operator, Encana Oil & Gcs (U.S.) Inc., 
provided Material Safety and Data Shoots ( MSDS5) of products 
used for well stimulation to EPA46 During the 
Phase V sampling event, EPA de.teloped a gas chromatography-
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Technology 

Table 1. Summary of Major ion Concentrations of Domestic Wells in the Wind River Indian Reservation (WRIR), Fremont 
County, WY, and within and around the Pavillion Field 

\1\RIR" Fremont County0 within and around Pavillion Fieldc 

parameter (mg/L) n median range n median range n median range 

TDS 154 490 211-5110 77 1030 248-5100 65 925t 229r -4901 1 

Ca 149 10 1-486 77 45 1.7-380 48 50.8 3.32-452 

Mg 128 2.2 0.1-195 77 8.2 0.095-99 45 5.32 0.024-147 

Na 153 150 5-1500 77 285 4.5-1500 72 260 38.0-1290 

K 149 2.0 0.2-30 77 2.45 0.1-30 43 1.36 0.179-10.5 

so4 154 201 2-3250 77 510 12-3300 88 590 29.0-3640 

Cl 154 14 2-486 77 20 3-420 48 21.1 2.60-77.6 

F 154 0.7 0.1-8.8 76 0.9 0.2-4.9 48 0.88 0.20-4.1 

awith the exception of pota:Eium, from Da:ldow.48 I nforrrntion on pota:Eium extra::ted from Da:ldow. b From Plafcan et al. There is overlcp of 
19 s:mple results with Da:ldow.48

·
53 0 Major ion concentrations in dom:stic ~~~.ells6·"·9 ·39 ·45· 52 summariZEd in M6311 values t..re:l for 

domEStic \/\ells s:mpled more than once. n N uml::er of s:mple results. t TDS for EPA data estimated using li11631' regre:oion equation from Da:l~8 

TDS (rrg/L) = 0.785 x ~iftc conductance (IJS/cm) - 130 (n = 151, r2 = 0.979) 
---- -------- ---··-------·---·-·-·--· ----

flama ionization-bcsecl approa::h to obtain a lower reporting 
limit (50 IJg/L) for methanol compared to oommercial 
laboratory analysis (5000 1-Jg/L). We obtained this data sat as 
the rESUlt of a FrEedom of Information Act reqUESt to EPA.47 

We re.tiEMted over 1000 publicly available well completion 
reports, sundry notia:s, drilling reports, and cement bond and 
variable density logs ~ from the WOGCC Internet site 
using API search numoors to determine datES of well 
oompletion, depths of surfcre ca:;ing, top of original or primary 
cement, and numi::Brs and depths of cement squooze jobs 
(injection of cement through perforated production ca:;ing to 
remediate or ooend existing primary cement). Similarly, we 
re.tiEMted online information to document well stimulation 
proctia:s summari:zed in 

The field operator analyzed major ions in produced water 
samplES at 42 production wells in 2007 ). EPA 
oollected produced water samplES at four production wells in 
2010 and analyzed them for organic oompounds 

8 The field operator alro oonducted mechanical integrity 
and bradenhEa:l (annular spa::e ootween production and 
surfcre ca:;ing) tESting ootween Novernter 2011 and DErember 
2012. In addition to sustained ca:;ing prESSUre at many 
production wells during that period water 
flowed through the bradenhEa:l valve to the surfcre at four 
production wells &:ction D.3). Aqueous analysis of 
bradenhEa:l water samplES by the field operator was limited 
to major ions ). Production well string and 
brandenhEa:l gas samplES were collected for bemene, toiLEne, 
ethylbemene, xylenES (BTEX) and light hydrocarbons 

To e.raluate the efi::ct of purging volume on water quality, 
EPA collected ten samplES through time during 
the Phase V sampling e.tent at MW01. Bcm:l on EPA's purging 
procedure, we de.teloped a model incorporating plug flow in 
ca:;ing and mixing in the scrrened interval &:ction E.3, 
Figure Sl E4 ). Our simulations indicated that virtually all 
(99.997%) of water entering the sampling train at thesurfcreat 
the time of the first sample collection at MW01 originated 
directly from the surrounding formation (i.e., no stagnant 
ca:;ing water) MV\102 was a low flow monitoring 
well. The cau93 of low flow is unknown but could oo due to 
saveral foctors, including low relative aqueous perrrmbility due 
to gas flow or insufficient removal of drilling mud during well 
de.telopment. During the Phase V sampling event, MV\102 was 
repeatedly purged over a 6-day period to ensure that sampled 

c 

water originated from the surrounding formation &:ction 
E.2, Figure Sl E5). A discussion of monitoring well 
construction, including schemati<S for MW01 (Figure ) 
and MV\102 Sl is provided in &:ction E.1. 

1111111111111111. 

Groundwater Resources in the Pavillion Area. The 
Wind River and Fort Union Formations are variably saturated 
fluvial depositional system; charocterized by shale and fine-, 
medium-, and coars7grained sandstone saqLEna:s. Lithology is 
highly variable and difficult to oorrelate from borehole data. No 
laterally oontinuous oonfining layers of shale exist oolow the 
rrnximum depth of groundwater usa to retard upward rolute 
migration. A comprehensive re.tiew of regional and local 
gaology, including a lithologic cross-ECCtion in the vicinity of 
MW01 and MW02 is provided in 

Domestic wells in the Pavillion arEE dratv water from the 
Wind River Formation ·a major aquifer system in the 
WRB. From the surfcre to approximately 30 m bg;, 
groundwater exists under unconfined conditions.50 Below this 
depth, groundwater is prESent in lenticular, disoontinuous, 
confined sandstone units with water levels above hydrostatic 
prESSUre, and in rome instana:s flowing to the surtcre,48 ·cio,51 

indicating the prESence of strong locali:zed upward gradients. 
The majority of documented domestic well completions in 
Fremont County51 and five municipal wells in the Town of 
Pavillion52 wESt of the Field are completed in the Wind River 
Formation. 

Flow to the surfcre was ob93rved in a domestic well during 
the Phase II sampling e.tent,6 and as mentioned, at four 
production wells during bradenhEa:l tESting in 2012. While the 
overall vertical groundwater gradient in the Pavillion Field is 
downward, these ob93rvations indicate that localized upward 
hydraulic gradients exist in the Field, which is relevant to 
potential upward rolute migration from depths of production 
well stimulation. The dEepESt domestic wells in the Pavillion 
Field and immediate surrounding arEE are 229 and 322 m bg;, 
rESpectively ). Two municipal wells were 
propo93d, but not drilled, in the Pavillion Field as repla:::erT"Bnt 
water for domestic wells at depths of 305m bgs,"2 similar to the 
depth of MV\102 installed by EPA 

Major ion concentrations of domestic wells in the Pavillion 
field (summari:zed in are typical of the Wind River 
Indian Re:ervation (VVRIR), wESt of the Pavillion Field, and 
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Figure 2. (a) Elevation in al:mlute m:sn s:sl level (AMSL) and approximate depth l::elow ground surfa::.e of documented a::id and hydradic 
fra::turing stimulation stcges. (b) Cumulative distribution of stimulation stcge; as a function of depth beiCMI deepest groundwater l.I:E in the Patillion 
Field. Documentation of stimulation stcg:s is <trent at a number of production rells so that numl::ers pre:ented here are a 10\1\er bound. 

in Fremont County, where the Pavillion Field liES, ) 
with TDS le.tels <5000 rTl:J/L TDSoonrentrations in the Wind 
River Formation appEEr to vary with I ithology rather than depth 
(white coorse S3ndstone a:;sociated with lower TDS vaiUES).52 

There are no apparent trends in TDS levels with depth from 
data sets from the WRIR, Fremont County, and domEStic 
wells in and around the Pavillion Field. 

The Fort Union Formation is not used for water supply in 
the Pavillion arffi. Howe.ter, the formation is highly productive 
and perm:sble where fractured49 with TDS valUES from 1000 to 
5000 rTl:J/L An a::Juifer exemption was obtained to enable 
d ispoS31 of produced water in a disposal well perforated in the 
Fort Union Formation55 at a location 5.6 km northWESt of the 
Pavillion Field. Use of this well was suspended due to failure of 
well casing. Thus, the Wind River and Fort Union Formations 
in the Pavillion Field rrret the regulatory definition of USDWs, 
cs explicitly stated by EPA, and of US3ble water cs defined by 
the BLM. 

Well Stimulation Depths, Treatments, and Chemical 
Additives. Exploration of oil and gcs in the Pavillion Field 
oomrnenced in August 1953 with increcsingly shallow 
stimulations through time The first acid stimulation 
and hydraulic fracturing staJEs (injoction over one or more 
dis::rete intervals) occurred in .lme 1960 and October 1964, 
re;pectively. Acid stimulation ca:red in 2001. To date, the lest 
stimulation stage (hydraulic fracturing) occurred in April 2007. 
Most production wells were oompleted and stimulated during 
several periods of incra:m::l activity, ESpeCially after 1997 

D 

2a). Acid stimulation and hydraulic fracturing occurred 
cs shallowly cs 213 and 322 m bgs, rESpeCtively, at depths 
oomparable to deepESt domEStic groundwater use in the afffi 

2a). Approximately 10'/o of stimulation staJEs were 
<250 m of deepESt domEStic groundwater use wherecs 
approximately 50'/o of stimulation stcy:s were <600 m and 
80'/o were <1 km of deepESt domEStic groundwater use 
2b). 

Surfcm casing of production wells· the primary line of 
defense to protoct groundwater during oonventional and 
unconventional oil and gcs extraction • is relatively shallow in 
the Pavillion field with a median depth of 185 m bgs (i.e., 
shallower than the deepESt groundwater use) and range of 
100-706 m bgs ). There is no primary cement 
below surfcm casing, often for hundreds of meters, for 55 of 
106 (~2%) production wells for which cement bond logs are 
available ) . There is currently no 
requirement in Wyoming for placement of primary cerrent to 
surfcm casing or to ground surfcm.45 

Instantaneous shut in pre:surES (ISIP) (wellhead gauge 
pre:sure immediately following fracture tfffitment) were similar 
for acid stimulation and hydraulic fracturing 
suggESting that both matrix acidizing and acid fracturing (no 
proppants used55

) occurred in the Pavillion Field. Acidizing 
solutions used in the Pavillion Field typically oonsisted of a 
7.5% or 15% hydrochloric acid solution plus additiVES c:le:cribed 
in well oompletion reports cs inhibitors, surfactants, diverters, 
iron SEqUEStration q:Jents, mutual solvents, and clay stabilizers. 

DOl: 
Environ. &:i. Technol. XXXX XXX XXX-XXX 

2016-009474-00219 



Figure 3. Box and whisker plotsofminirnrnand rrnximum, quartile;, median (line in boxES), rre3l1 (cro:a:s in boxES) of (a) Na, (b) K, (c) Cl, (d) 
S04 for domEStic wells inventoried by Daddow48

·
53 and Plafcan51 in the Wind River Indian Re:Ervation and Fremont County, re;pectively, s:rnpled 

by EPA6
·
8

·
9

·
39 and WDEQ45 (PGDWXX ~ie;) grEEter than and lex; than 1 km from a production well, Water Development 

Commision52 (IJI!.NDC ~rie;) grESter than 1 km from a production well, EPA monitoring wells9
·
39 and produced water 

and bradenh63d water s:rnple; (Table Sl 01 ). DomEStic wells s:rnpled more than once, including data Da:Jdow, are repre:roted with a rre3l1 

value. Fourteen rre:EUrerrents in Da:JdoW3 < 1 rng/L for pota:Eium are not illustrated. Data points at MW01 and MWCJ2 are s:rnples collected 
during Pha:E Ill, IV, and V s:rnple events. 

Acidizing solutions were often flushed with a 2, 4, or 6% 
potassium chloride (KCI) solution. Pad acid, to initiate 
fracturES, contained 10-50'/o hEEVy aromatic petroleum naptha. 
Corrosion inhibitors contained isopropanol and propargyl 
alcohol. Clay stabilizers contained methanol. Musol solvents 
U93d for acid stimulation consisted of 60-100'/o 2-butoxyetha­
nol and 10-30% oxylated alcohol 

Prior to 1999, "salt solutions" were commonly U93d for 
hydraulic fracturing. After 1999, a 6% KCI solution was U93d 
extensively for hydraulic fracturing often combined with C02 

foam, with sutsequent flushing using a 6% KCI solution. There 
were reported lce:e; of KCI solutions during stimulation (e.g., 
at Tribal Pavillion 12-13 "lost thousands of bbls KCI"). 
Undiluted diESel fool was U93CI for hydraulic fracturing at three 
production wells before 1985. From the mid-1970s through 
2007, there was widEspread tre of gelled fracture fluids (gelled 
water, lillEEr gel, and cross-linked gel). DiESel fuel #2. was U93d 
for liquid gel concentrates Ammonium chloride, 
potassium hydroxide, potassium metaborate, and a zirconium 
complex were U93CI as cross-linkers. 

E 

Gelled fracture fluids were U93d extensively with C02 foam 
Between 2001 and 2005, "WF-125" was U93CI 

with C02 foam (often with a 6% KCI solution) for hydraulic 
fracturing A stimulation report (one of only 
three publicly 8Vc3ilable throughout the operating history of the 
Field) and MSDS5 indicate that WF-125 contained diESel fool 
#2, 2-butoxyethanol, isopropanol, ethoxylated lillEEr alcohols, 
ethanol, and methanol. During 2001, WF-125 and unidentified 
product mixturES were U93d with a 6% KCI and a 10'/o methanol 
solution and C02 foam for hydraulic fracturing followed with a 
6% KCI and 10'/o methanol solution flush. Other WF-series 
compound mixturES of unknown composition were also U93CI 
with C02 foam and in some caxs with N2 g:E. Methanol, 
isopropanol, glycols, and 2-butoxyethanol were U93d in foaming 
C{l8flts Ethoxylated lillEEr alcohols, isopropanol, 
methanol, 2-butoxyethanol, hEEVy aromatic petroleum naptha, 
naphthalene, and 1 ,2,4-trimethylbenzene were used in 
surfa::;tants Slickwater (commonly with a 6% 
KCI solution) was U93CI for hydraulic fracturing with and 
without C02 foam in 2004 and 2005, respectively 
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At IEffit 41.5 million liters (or ~11 million gallons) of fluid 
WC£ U93d for well stimulation in the Pavillion Field (calculated 
from Given lock of information at numerous 
production wells, this is an underEStimate of octual cumulative 
stimulation volul'l"B. The cumulative volul'l"B of well stimulation 
in clcmly spa:;ed vertical wells in the Pavillion Field is 
charocteristic of high volul'l"B hydraulic frocturing in shale 
units.57 In evaluating solute attenuation in USDW;, EPA4 did 
not consider cumulative volumes of injection of well 
stimulation fluids in clcmly spa:;ed vertical production wells 
common to CBM and tight gas production. 

Evaluation of Impact to USDWs and Usable Water. In 
the Pavillion Field, impoct to USDW; and usable waters 
depends upon the advective-dispersive solute transport of 
compounds (or their dEgradation products) U93d for well 
stimulation to water-bEaring units (sandstone units at or nESr 
water saturation). water-bEaring units 6<ist throughout the 
Wind River and Fort Union Formations in the Pavillion Field. 
For instanre, production well Unit 41X-10 WC£ recoml'l"Bnded 
for plugging and abandonment in 1980 ta;ause of "problems 
with water production and casing failure." In 1980, drilling logs 
at Tribal Pavillion 14-2 stated "Hit water flow while drilling at 
4105-4109 ft" bgs. The magnitude of produced water 
production in the Pavillion Field is variable with SOI'l"B wells 
having high produced water production (e.g., 17.9 million liters 
~4.7 million gallons at Tribal Pavillion 23-10 from .ltly 2000 
to prESent) In SOI'l"B casES, stimulation fluids 
were injected directly into water bEaring units. For instanre, at 
Tribal Pavillion 14-1, a cast iron bridga plug WC£ used to stop 
water production in 1993 from an interval where hydraulic 
frocturing occurred using undiluted diESel fuel in 1964 

The migration of stimulation fluid to water-bEaring sand­
stone units in the Pavillion Field also likely occurred during 
frocture propq]ation and sutsequent lookoff (IOffi of fluid into a 
formation in or noor the targat stratum). Lookoff incrEaSES in 
compl6< frocture networks as a rESUlt of I ithologic variation over 
short distancES and contoct of stimulation fluid with pefTll33ble 
strata58

-
61 6<peeted during hydraulic frocturing in fluvial 

depositional environments of the Wind River and Fort Union 
Formations. Lookoffcan remove much or most ofthe frocturing 
fluid e.ten for moderate sized induced frocturES.58

•
59 Maximum 

ISIP valUES for ocid stimulation and hydraulic frocturing were 
19.5 and 40.1 MPa re;pectively, Equivalent to 
~2000 and ~4100 m of hydraulic hood. PrESSUre buildup 
during hydraulic frocturing far in 6<a:ss of dra.Ndown 6<pected 
during produced water ooroction makES full recovery of 
stimulation fluids unlikely.4•

62 

The migration of stimulation fluids to water-bEaring units 
also likely occurred as a rESUlt of IOffi of zonal isolation during 
well stimulation &:ction 0.1 ). Casing failure occurred at 
five production wells following well stimulation. Cement 
sqUEeZES were perfofl'l"Bd above primary Gel'l"Bnt often days 
after hydraulic frocturing without explanation63 at six 
production wells, potentially because of migration of 
stimulation fluid above primary cement. At one production 
well, stimulation fluid WC£ injected just 4 m below an interval 
locking cement outside of the production casing with a 
stimulation prESSUre of only 1.3 MPa indicating potential 
entry into the annular spcre. 

Major ion concentrations in produced water sampled after 
stimulation ) were distinct from vaiUES6<peCted in 
the Wind River Formation as e.tidenced by sample data from 

F 

the WRIR, Fremont County, and dol'l"Bstic wells in and 
around the Pavillion Field which were reprESentative of the 
Wind River Formation rEgardiEffi of distanre from production 
wells , Using combined data sets in and 
around the Pavillion Field, and the nonpaffil'l"Btric Mann­
Whitney tESt (null hypothESis that two sample sets COI'l"B from 
the same population), sodium, potassium, and chloride 
concentrations were higher and sulfate concentrations lower 
in produced water compared to concentrations 6<peeted in the 
Wind River Formation (p = 6.6 x 10-19, 2.1 x 10-15, 2.6 x 
10-16, and 4.4 x 10-19, rESpeCtively), providing direct e.tidenre 
of impoct to USDW; at depths of stimulation. Also, potassium 
incrEaSed with calcium concentrations and sulfate incrEaSEd 
with TDS concentrations, rESpeCtively, in dol'l"Bstic wells but 
not in production wells ). Chloride is a major 
component of TDS concentrations in production wells. 
Potassium/calcium and chloride/sulfate concentration ratios 
were higher in production wells than in dol'l"Bstic wells 

further indicating anomalous potassium, chloride, and 
sulfate concentrations in production wells. 

Produced water samplES were collected from gas-water 
separators at four production wells and analyzed for organic 
compounds during the Pl1ase II 
sampling event. 83mpiES from one production well apPffired 
to be from both an aqueous and an apparent nonaqueous phase 
liquid with the latter exhibiting thousands of mg/L of benzene, 
toluene, ethylbemene, xylenES (BTEX). Synthetic organic 
compounds l'l"Bthylene chloride and triethylene glycol (TEG) 
were detected in produced water samplES at 0.51 and 17.8 mg/ 
L, rESpeCtively indicating anthropoganic origin. Methylene 
chloride has bEen detected in flowbock water in other 
systems,64 including 122 dol'l"Bstic wells above the Barnett 
Shale TX,65 and in air sampled nESr well sitES.66 

Sample Results at MW01 and MW02. Concentrations of 
potassium in MVV01 and MVV02 were higher than 6<pected 
valUES in the Wind River Formation at p-vaiUES of 
2.6 x 10-13 and 1.2 x 10-06

, rESpeCtively. High pH valUES (>11 
standard units) were observed during purging at both 
monitoring wells 

indicating that elevated potassium concentrations 
may have been attributable to rela:m of potassium from 
potassium oxidES and sulfatES during curing of Gel'l"Bnt67

-
71 

U93d for monitoring well construction. Howe.ter, a number of 
observations were inconsistent with cement interoction as a 
causative foctor for elevated pH, and there WC£ ooensive use of 
compounds containing potassium including potassium hydrox­
ide during stimulation water in contoct with 
hydrating cement is saturated or oversaturated to portlandite 
(Ga(OH2))

12
-

74 and remains oversaturated prior to dEgrada­
tion or carbonation. In contrast, water from monitoring 
wells WC£ highly undersaturated to portlandite. Elevated pH in 
monitoring wells WC£ not observed during monitoring well 
development until natural gas intrusion occurred in the wells, 
suggESting dEgassing as a PQffiible cause of elevated pH (SI 
&:ction E.5). Also, potassium WC£ detected at a concentration 
of 6000 mg/ L in a bradenhffid water sample having a pH of 
10.86 standard units from Tribal Pavillion 13-1 ). 
This may indicate either high potassium conrentration at 
depths below EPA monitoring wells due to well stimulation 
(water from bradenhffid samplES originated at SOI'l"B unknown 
distanre above cement outside production casing at 63ch 
production well) or interoction of bradenhffid water with 
wellbore Gel'l"Bnt. 
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Figure 4. Surrrrary of organic compounds detected by EPA in MW01 and MW)2 during Pha:E Ill, IV, and V s:rnpling events. Glycols, alcohols, and 
low molecular weight organic acids were not analyzed in Pha:E Ill. Alkylphenols and methanol ( GC-FI D method) were only analyzed in Pha:E V. 
Organic compounds detections for MW01 and MWCJ2 are surrrrarizEd in Table Table resp:ctively. 

The rra::lian chloride conrentration at MVV02 wcs 469 rT{I/ L 
well above expe:cted valt.e; in the Wind River 

Formation (p = 7.0 x 10-07). Compounds containing chloridEs 
(e.g., KCI solutions) were U93d extensively for stimulation in 
the Pavillion Field. &tlfate conrentrations in MW02 were oolow 
expe:cted valUES in the Wind River Forrrntion (p = 2.7 x 10-07) 

and not dissimilar (p = 0.40) to produred water conrentrations. 
The Cl/804 conrentration ratio wcssimilar to produred water 

02) at MW02. Chloride and sulfate conrentrations 
in MW01 were more typical of the Wind River Forrrntion 
which rrny oo due variation in well stimulation proctia:s both 
sp3tially and over tirre. 

Conrentrations of organic compounds detected in MVV01 
and MW02aresumrrnrized in E4aand 

DiErel range organics (ORO) and gasoline range organics 
(GRO) were detected in MVV01 and MVV02 with rrnximum 
DRO concentrations of 924 and 4200 iJQ/L, rESpectively and 
GRO conrentrations of 700 and 5290 IJg/ L, rESpectively. 
Benzene, toluene, ethyltenzene, m,p-xylenES, and o-xylene were 
detected in MW02 at rrnximum conrentrations of 247, 677, 
101, 973, and 2531-Jg/L, rESpectively, but were not detected at 
MW01. The rrnximumcontaminant le.tel (MCL) ofl:enzene is 
5 IJg/L, so the ol:served rrnximum value wcs 50 tim:s higher 
than the MCL Nondetection of BTEX at MVV01 is surprising 
given that the well wcs gffi-Charged (foaming during S3111pling, 

with similar light hydrocarbon composition to 
Nondetection of BTEX rrny oo due to 

incra:m::l dispersion and biodegradation of thEre compounds at 
the shallower depth of this welL We could find no published 
information on BTEX compounds in groundwater at 
conrentrations detected in MVV02 oocurring above a ga; field 
in the al:mnce of well stimulation. However, further tESting, 
such as compound specific isotope analysis of BTEX 
components pre:ent in natural ga; from the Pavillion Field 

G 

and water from MW02, is 11EreE3ry to attribute 
detection of BTEX to well stimulation. 

1,3,5-, 1,2,4-, and 1,2,3-Trirrethyltenzene were detected at 
rrnximum concentrations of 71 .4, 148, and 45.8 IJg/ L, 
respectively in MW02 and at an order of rrngnitude lower 
conrentrations in MW01. Naphthalene, rrethylnaphthalenES, 
and alkylbenzenEs were also detected in MVV02 at concen­
trations up to 7.9, 10.2, and 21.2 IJg/L, rESpectively. Similar to 
BTEX compounds, detection of trirrethylbenzenEs, alkylben­
zenES, and naphthalenES could in principle reflect non­
anthropogenic origin but natural ga; from the Pavillion Field 
and in EPA monitoring wells is "dry" (ratio of rrethane to 
rrethane through pentane conrentration >0.95) 

Also, oil production in the vicinity of 
monitoring wells is very low or 2ero ESpecially in the vicinity of 
MW02 Thus, the detection of 
higher molecular weight hydrocarbons in groundwater is 
uOO<pected. TrirrethylbenzenESand naphthalenES were pre:ent 
in mixturES U93d for well stimulation 

Other organic compounds used extensively for well 
stimulation were detected in MVV01 and MW02 
Methanol, ethanol, and isopropanol were detected in 
monitoring wells at up to 863, 28.4, and 862 iJQ/L, respectively 

Tert-butyl alcohol (TBA) wcs detected at 6120 IJg/ 
L in MVV02. Detection of TBA in groundwater has boon 
assxiated with degradation of lert-butyl hydroperoxide used for 
hydraulic frocturing. Another potential source of TBA is 
dEgradation of rrethyllert-butyl ether (MTBE) assxiated with 
diErel fueL80

-
84 

Diethylene glycol (DEG) and TEG were detected in both 
monitoring wells at rrnximum conrentrations of 226 and 12.7 
IJg/L, rESpectively, in MVV01, and at 1570 and 310 IJg/L 
respectively, in MW02 Tetrrethylene glycol wcs 
detected only in MVV02 at 27.2 iJQ/L MSDS5 indicate that 
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Figure 5. (a) Box and whisker plots of minimum and rraximum, quartiles, median (line in boxes), m:m ( crCESES in boxes) of diesel organics 
(ORO) in srallow monitoring wells nEEr unlined pits potentially ra:::eiving production fluids ( cbbreviations of production wells in C1) and 
domestic wells6

·
8

·
9

·
39

·
45 (L0-20 and PGOWXX ~ies) less than and grEEter than 600 m from pits. M6311 values are l.IXd for domestic well s:mpled 

more than once. (b) ORO a; a function of elevation and approxirrnte depth below surfa::e for domestic wells with results of multiple s:mple events 
illustrated. 
--------·-------- ------------ -----

DEG WC£ t..red for well stimulation. Use of TEG WC£ not 
specified. Polar organic compounds, includin~ DEG, are 
commonly t..red as cement grinding agents.85

-
8 DEG and 

TEG have been detected in la:dlate from cured cement 
s:rnpiES under static (no flow) conditions.89 Similar to elevated 
potassium detection, it is possible that detection of glycols 
could be attributable to cement t..red for monitoring well 
construction. However, rre;s flux s::mario modeling, com­
monly t..red to e.taluate potential concentrations of exposure of 
compounds rela:m::l from materials in contact with drinking 
water under dynamic (flowing) conditions,90 

WC£ conducted on 
MW01 indicating unlikely impact. The 
rele.tance of dynamic tESting is corroborated by the otservation 
that detection of DEG and TEG WC£ limited to a water s:rnple 
from a gas production well91 with nondetection in water 
s:rnpiES from 83 domEStic wells at five retrospective study 
sitES79

•
91 using high performance liquid chromatography 

with dual rre;s spectrometry at a reporting limit 5 j..lg/L in 
EPA's national study on hydraulic fracturing. 2-Butoxyethanol, 
a glycol ether t..red extensively for well stimulation in the 
Pavillion Field WC£ detected in both monitoring 
wells at a maximum concentration of 12.7 j..lg/L. 2-
Butoxyethanol WC£ not detected in la:dlate from cured 
cement.sg. 

The low molecular weight organic acids (LMWOAs) loctate, 
formate, acetate, and propionate were detected in both 
monitoring wells at maximum concentrations of 253, 584, 
8050, and 844 !Jg/L, rESpeCtively LMWOAs are 
armrobic degradation products ffiSOCiated with hydrocarbon 
contamination in groundwater. Acetate has been detected 
in produced water, in impoundments t..red to hold 
flowbock water from the Marcellus Shale, and in produced 
water from the Denver.J.JIESburg Basin, CO. Acetate and 

---------------------------· 

H 

formate were detected in flowbock water from two difaent 
fracturing sitES in Germany with inVEStigators concluding that 
the:e compounds were likely of anthropogenic origin rESUitirJil 
from degradation of polymers t..red in the fracturing fluid.10 

· 

Formate and acetate are also degradation products of 
methylene chloride. Benzoic ocid, a degradation product of 
aromatics, WC£ also detected in both monitoring wells at a 
maximum concentration of 513 !Jg/L. 

Alenols were detected in both monitoring wells with 
maximum concentrations of phenol, 2-methylphenol, 3&4-
methylphenol, and 2,4-dimethylphenol at MW02 at 32.7, 22.2, 
39.8, and 46.3 !Jg/ L, rESpeCtively. KetonES were also detected in 
both monitoring wells with maximum concentrations of 
acetone, 2-butanone (MEK), and 4-methyl-2-pentanone 
(MIBK) at MV\102 at 1460, 208, and 12.5 j..lg/L, rESpeCtively. 
Acetone, MEK, phenol, 2-methylphenol, 3&4 methylphenol, 
and 2,4-dimethylphenol were detected in produced water from 
the Denver.J.JIESburg Basin. MIBK, MEK, and acetone may 
rESUlt from microbial degradation of biopolymers used for 
hydraulic fracturing. Nonylphenol and octylphenol, com­
monly pre:ent in mixturES of ethoxlyated alcohols, were 
detected in both monitoring wells with maximum concen­
trations at MV\102 at 28 and 2.9 j..lg/ L, rESpeCtively. Ethoxlyated 
alcohols were used for well stimulation in the Pavillion Field. 

Detection of organic compounds, ESpeCially those that 
cannot be attributed to cement, and degradation products of 
compounds known to have been t..red for production well 
stimulation in both MW01 and MW02 provide additional 
evidence of impact to USDVVs and indicate upward solute 
migration to depths of current groundwater use. Installation of 
additional monitoring wells at depths similar to MW02, with 
s:rnple analysis supplerrented by state-of-the-art analytical 
methods better suited to detection of compounds pre:ent in 
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stimulation fluids (e.g., liquid chromatographJ coupled with 
quadrupole tirre-of-flight rna:;s spoctrometry10 

-
106

), is nea:s­
sary to evaluate long-term risk to dom:stic vvell users in the 
Pavillion Field. 

Assessment of Potential Impact of Unlined Pits to 
Domestic Wells. EPA7 previously reported disposal of die:el 
fuel-l:esEd (invert) drilling mud and production fluids (flow­
l::>a:;k, condensate, produced water) in unlined pits in the 
Pavillion Field and rESUltant groundwater contamination in 
surficial Quaternary depa;its in shallow monitoring vvells 
sampled by EPA in the vicinity of three unlined pits but did 
not document the extent of thEre disposal proctia:s. At la:st 64 
unlined pits vvere U93CI for disposal of drilling fluids of which 
in\iert mud was disposEd in 57 pits consisting of up to 71Jl/o 
die:el fuel , fls many a; 44 of 64 unlined 
pits vvere used or likely U93CI for disposal of production fluids. 
Unlined pits were emptied and clOSEd in 1995. 

A summary of information available on disposal of drilling 
and production fluids in pits is provided in This 
summary includEs rESUlts of soil and groundwater sampling, 
excavation volum:s and a;sociated criteria (1000-8500 mg/kg 
total petroleum hydrocarbons), proximity and direction of 
unlined pits to dom:stic vvells, and recommendations by 
WOGCC44 for further in\iestigation (or no in\iestigation). 

The field operator hE6 collected groundwater samplES in 
surficial Quaternary deposits at 12 unlined pit locations.44 The 
highESt reported conrentrations of GRO and DRO vvere 91 000 
and 78000 1-Jg/L, rESpeCti\iely (Figure F2). Benzene, 
toluene, ethylbenzene, and xylenES vvere detected at fi\ie 
locations at conrentrations up to 1960, 250, 240, and 1200 
1-Jg/1, rESpeCti\iely Thus, sample rESUlts indicate 
impact to surficial groundwater in Quaternary depa;its. 

There may be a; many cs48 dom:stic vvells within 600 m of 
unlined oits of which 22 dom:stic vvells vvere sampled by 
EPA6

•
8

•
9·::l9 and 11 were rexrnpled by WDEQ45 F3). 

ORO conrentrations in dom:stic vvells <600 m from unlined 
pits likely rereiving production fluids vvere elevated (p = 0.003) 
compared to dom:stic wells >600 m from unlined pits 
53). DRO was detected at 752 mg/kg in a re.terSe osmosis filter 
sample from a dom:stic vvell (PGDW20) during the Phcse II 
sampling e\ient8 Conrentrations of ORO in 
dom:stic vvells generally decra:sed with depth 5b). 
Another potential sourre of ORO in some dom:stic wells 

) is invert mud remaining in boreholES. Howe.ter, 
difurentiation from other source term; (unlined pits and 
stimulation) is not possible with currently available data 
&:ction G.1 ). 

At two dom:sticvvells (PGDW05 and PGDV\130), chromato­
gram; for ORO analysis suggESt a die:el fuel sourre 

Chromatogram; of aqueous 
carbon trap samplES for DRO at another 
dom:stic vvell (PGDW20) indicated the pre:enre of hEEvy 
hydrocarbons in water. All threedom:sticwellsare located !lEEr 
unlined pits likely used for disposal of production fluids. 

AdamantanES vvere detected at low aqueous conrentrations 
(<5 1-lQ/L) at four dom:stic wells (PGD\1\iDS, PGDW20, 
PGDV\130, and PGDV\132) Admantane, 2-methyl 
adamantane, and 1,3-dimethylac:larmntane were detected in a 
re.terSe osmosis filter sample at PGDW20 at conrentrations of 
420, 9400, and 2960 1-Jg/kg, rESpeCti\iely. AdamantanES vvere 
detected in produced water up to 74 mg/L (Table 
indicating disposal in unlined pits as a potential sourre term. 
The inherent molecular stability of admantanES and other 

diamondoid compounds imparts thermal stability rESUlting in 
enrichment in manufoctured petroleum distillatES.109 Diamond­
aids are rESistant to biodegradation110

·
111 rESUlting in their use 

a; a fingerprinting tool to characterize petroleum and 
condensate induced groundwater contamination.112 

2-Butoxyethanol was detected at 3300 1-Jg/L in a dom:stic 
vvell (PGDW33)45 The depth of this dom:stic 
well is only 9.1 m bgsand is located within 134 mofan unlined 
pit used for disposal of production fluids. Other compounds, 
including BTEX, a;sociated with production well stimulation 
(e.g., isopropanol) vvere detected at lovver conrentrations (<10 
1-Jg/L) in other dom:stic vvells 83mple rESUlts at 
dom:stic wells suggESt impact from unlined pits and the 
immediate need for further in\iestigation including installation 
of monitoring vvells in the Wind River Formation. Sinre flood 
irrigation is common in the vicinity of unlined pit area;, the 
lateral extent of groundwater contamination is potentially 
grEEter in the Wind Ri\ier Formation than in overlying surfbal 
Quaternary depa;its due to "plume diving" (i.e., uncontami~ 
nated water o\ierliES portions of a contaminant plume).113

-
115 

Our in\iestigation highlights s=Neral important issuES related 
to impact to groundwater from uncon\ientional oil and ga; 
extroction. We have, for the first time, demonstrated impact to 
USDVVs a; a rESUlt of hydraulic frocturing. Given the high 
frequency of injection of stimulation fluids into USDVVs to 
support CBM extroction and unknown frequency in tight ga; 
formations, it is unlikely that impact to USDVVs is limited to the 
Pavillion Field requiring inVEStigation elgmhere. 

&:cond, vvell stimulation in the Pavillion Field occurred many 
tim:s IEffi than 500 m from ground surfoce and, in some caxs, 
at or very clcm to depths of dEepESt dom:stic groundwater use 
in the arEE. Shallow hydraulic frocturing pos:s grEEter risks than 
dreper frocturin~ dOES, ESpeCially in the pre:enre of well 
integrity issuES11 

•
118 as documented here in the Pavillion Field. 

Additional inVEStigations else.tvhere are needed. 
Finally, while disposal of production fluids in unlined pits is a 

legacy issue in Wyoming, this proctire hE6 00\iertheiEffi caused 
enduring groundwater contamination in the Pavillion Field. 
Impact to groundwater from unlined pits is unlikely to have 
occurred only in the Pavillion Field, nro:ssitating in\iestigation 
elgmhere. 
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